We report the kinetics of the reactions of unconjugated bilirubin and conjugated bilirubin with p-diazobenzene sulfonic acid in aqueous media. Our studies confirm that each reaction proceeds in two steps and that the second step is catalyzed by sulfanilic acid. In the presence of an excess of p-diazobenzenesulfonic acid and in the absence of sulfanilic acid, the reaction for either unconjugated or conjugated bilirubin proceeds in two successive first-order steps, the second step being much the slower. This study emphasizes the first step in the reaction for each species and includes data on the effects of p-dlazobenzenesulfonic acid, albumin, benzoate, and caffeine concentrations, pH in the range from 4 to 12, and temperature. Mechanisms proposed for reactions with and without caffeine are used to develop rate equations, and the kinetic data are used to evaluate rate constants, acid dissociation constants for the different bilirubin species, and formation constants for bilirubin-caffeine complex species that are proposed.
We report the kinetics of the reactions of unconjugated bilirubin and conjugated bilirubin with p-diazobenzene sulfonic acid in aqueous media. Our studies confirm that each reaction proceeds in two steps and that the second step is catalyzed by sulfanilic acid. In the presence of an excess of p-diazobenzenesulfonic acid and in the absence of sulfanilic acid, the reaction for either unconjugated or conjugated bilirubin proceeds in two successive first-order steps, the second step being much the slower. This study emphasizes the first step in the reaction for each species and includes data on the effects of p-dlazobenzenesulfonic acid, albumin, benzoate, and caffeine concentrations, pH in the range from 4 to 12, and temperature. Mechanisms proposed for reactions with and without caffeine are used to develop rate equations, and the kinetic data are used to evaluate rate constants, acid dissociation constants for the different bilirubin species, and formation constants for bilirubin-caffeine complex species that are proposed.
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The coupling reaction between diazotized sulfanilic acid and bilirubin, sometimes called the van den Bergh reaction (1) , is used extensively to determine bilirubin. Common procedures for assay of so-called direct and indirect bilirubin make use of the difference in kinetic behavior of the different forms of bilirubin in the absence and presence of methanol (2) .
Although numerous papers (3) have described modifications of the original van den Bergh method, detailed kinetic studies of the system are few. Aside from a legitimate scientific interest in the reaction system, there are at least two practical reasons why a detailed understanding of the kinetic behavior of unconjugated bilirubin (UCB) and conjugated bilirubin (CB) with the reagent p-diazobenzenesulfonic acid, under a variety of conditions, is in order. 2 The first is that more complete kinetic data are needed from which to judge how reliable or unreliable the common "direct" and "indirect" procedures Department of Chemistry, Purdue University, W. Lafayette, Ind. 47907. 1 Present address: The Upjohn Company, Kalamazoo, Mich., 49001.
Address communications to H. L. P. abbreviations used: UCB, unconjugated bilirubin; CB, conjugated bilirubin or bilirubin diglucuronide; D or DIAZO, p-diazobenzenesulfonic acid; HPC, hydroxypyrromethene carbinol; A1, A2, azobilirubin; HSA, human serum albumin; Cal (or CAF), caffeine; and SEE, standard error of estimate.
Received April 5, 1978 ; accepted June 19, 1978. for CB and UCB are likely to be. The other reason is that more complete kinetic data may permit improved analytical procedures to be developed. (1) (2) where B is bilirubin, D isp -diazobenzenesulfonic acid, HPC is hydroxypyrromethene carbinol, and A1 and A2 are azobilirubin isomers (4) . A later study, involving sera in aqueous media, showed that with a large excess of the diazonium salt, the reaction occurred in four pseudo-first-order phases that were attributed to conjugated and unconjugated bilirubin in serum (5) . It was concluded that the so-called direct and indirect procedures
give only estimates of the concentrations of CB and UCB. Other kinetic data have been reported (6) , but the most extensive study involved a detailed investigation of the behavior of both bilirubin species in water, acetonewater, and chloroform-acetone-water solvent systems (7) .
While these studies have provided useful information, they still leave many important questions related to the kinetic behavior of the reaction system unanswered. In this work we have attempted a more complete study of the kinetic behavior of unconjugated and conjugated biirubin reacting with the diazonium salt, p-diazobenzenesulfonate, in aqueous media. Variables studied included UCB and CB concentrations, pH in the range from 4 to 12, diazonium salt concentration, albumin concentration, sodium benzoate, caffeine, and temperature. We then used these data to propose reaction mechanisms for UCB and CB, and to develop kinetic equations that describe the system under a wide variety of conditions. Numerical values are reported for rate constants, bilirubin acid-dissociation constants, and bilirubin-caffeine formation constants. The reaction is observed to be first order in bilirubin and in p-diazobenzenesulfonic acid concentrations. Caffeine impedes the reaction, and benzoate added in the presence of caffeine tends to counteract the effect of caffeine and enhance the reaction rate. We conclude that caffeine forms an Unreactive complex species with bilirubin and that benzoate competes with the bilirubin for caffeine and in the process frees up some bilirubin that would otherwise be complexed with caffeine. The pH profiles suggest three different reactive species, with the most highly protonated bilirubin species being the least reactive and the least highly protonated species being the most reactive.
Materials and Methods
CLINICAL CHEMISTRY, Vol. 24, No. 10, 1978 1691
General Considerations
Early in this study we discovered that the sulfanilic acid used to prepare the diazonium salt acts as a catalyst for the second step in the formation of azobilirubin (reaction 2). In the presence of an excess of sulfanilic acid, the rate constant for reaction 2 approaches that of reaction 1, and the system exhibits complex kinetic behavior and is difficult to treat quantitatively.
However, if care is taken to exclude any excess of sulfanilic acid from the reaction mixture, then the rate constant for the second step is small compared to that for the first, and pseudo-first-order conditions can be maintained by working with an excess of p-diazobenzenesulfonate. These studies were carried out under those conditions that yielded pseudo-first-order behavior, with bilirubin being the ratelimiting reactant.
The reactions are moderately rapid, having half-lives in the range from 0.002 to 0.4 s depending upon the reaction conditions. For this reason, we used a stopped-flow mixing system to achieve the needed mixing times.
Instrumentation
The stopped-flow mixing system, described in detail earlier (8) , is described only briefly here. A commercially available stopped-flow system (Aniinco-Morrow; American Instrument Company, Silver Springs, Md. 20910) with a 10-mm pathlength cell (9) was modified to permit computer control of the sample-and reagent-mixing step by use of the sampling system described earlier (10, 11) , with a stabilized photometer (12) . Briefly, sample and reagent are drawn simultaneously into each of two sample loops. When the filling step is completed, the valve positions are changed so that the wash-out reagents can force the sample and reagent out of their respective loops, through a mixing chamber, and into the observation cuvet. The net results of these operations are that sample and reagent are thoroughly mixed in 5 ms or less, and the sample and reagent loops are flushed with the wash-out reagent and ready for the next run. All of these operations are controlled with the hierarchical combination of a minicomputer and microprocessor described earlier (8) . The computer collects and processes the data with a variety of programs, also described earlier (8, 12) . Equilibrium spectral and pH measurements were made with conventional instrumentation. For spectral studies of reaction processes we used a vidicon-based rapid scanning spectrometer (14) fitted with a stopped-flow mixing head (15) .
The ionic strength ( = 1/ C1Z12, where C is concentration and Z is the charge) was maintained at 1.2 with NaC1O4, and pH values were not corrected for ionic strength when converted to hydrogen ion concentration. stock to 10 ml of the sodium nitrite stock and permit the mixture to react in the dark for 15 mm, then dilute to 100 ml.
Reagents
The resulting p -diazobenzenesulfonic acid solution is about 5.0 mmol/ liter, with an excess of nitrite-added to ensure that all of the sulfanilic acid reacts so that it will not be present to catalyze the second step in the coupling reaction (equation 2 above).
Prepare working solutions of p -diazobenzenesulfonic acid of desired concentrations by dilution with 2.0 mol/liter sodium perchlorate to give an ionic strength of 1.2. When stored in a dark bottle at room temperature, this reagent decomposes at rates of about 5% after 8 h and 13% after 24 h, with the formation of a yellow product.
Standardize the working solutions by a colorimetric method based upon a coupling reaction with fl-naphthol (7) . Before applying the procedure, we had to determine the molar absorptivity of the coupling product.
A small quantity of pure p -diazobenzenesulfonic acid was isolated as the chloride salt (17) and purified as described earlier (7). A series of standards (75 to 275 /Lmol/liter) in 1.2 mol/liter sodium perchlorate was prepared by weighing the dry salt and processed by the procedure described below. The slope of the absorbance vs. concentration plot of the coupling product yielded a value of (2.44 ± 0.04) X 10 liter mol cm for the molar absorptivity at 486nm.
In the analysis procedure, dilute and mix exactly 1.00 ml of p -diazobenzenesulfonic acid with 4.00 ml of water. Then add 2.00 ml of j3-naphthol solution to 180 jzl of the diluted reagent, mix, and permit to react for 5 mm, then measure the absorbance in a 1.00-cm cell at 486 nm vs. 
Results and Discussion
Unless stated otherwise, all uncertainties below are quoted in terms of one standard deviation unit (±1 SD) and all kinetic data correspond to 25.0 ± 0. 
Effects of human serum albumin.
We noted earlier that bilirubin solutions tend to be unstable in the absence of HSA, and accordingly it is desirable to quantify effects of HSA on the kinetics of the reaction. Figure 3 illustrates the dependence of the pseudo-first-order rate constant on human serum albumin, with UCB as reactant.
The increase from 0 to 80 g/liter caused a reduction of about 9% in the rate constant. This decrease is caused by a rapid reaction between the pdiazobenzenesulfonic acid and the tyrosine groups on the albumin (7), the net effect being that the amount of diazo reagent is diminished. In each case, the rate constant for UCB exceeds that for CB, but this is dependent upon pH, as will be noted later. The proportional relationship between the pseudo-first-order rate constant and p -diazobenzenesulfonic acid concentration is consistent with the general reaction scheme suggested in equation 1.
pH dependency.
Dependencies upon pH for UCB and CB with and without caffeine are presented in Figures 5a and 5b. The ordinate is plotted on a log scale so that the wide range of constants can be presented effectively and the observed rate constant is normalized to the value of p-diazobenzenesulfonic acid concentration to account for the proportional relationship illustrated in Figure 4 . In other words, dependence of k0 on diazo reagent concentration has been normalized to unit concentration.
For reactions in the presence of caffeine (Figure 5a ), both UCB and CB exhibit a flat region in the range from pH 6 to 7.5. Below pH 6 the UCB rate constant falls off rapidly, so that CcaffeirwT (mol / liter) the reaction would require hours to go to completion below pH 5; the constant increases rapidly above pH 7.5 until it eventually levels off again above pH 11, where the reaction is very fast. These data suggest at least three reactive species in this pH range for UCB. The behavior of CB parallels that for UCB except that the rapid decrease in the rate constant below pH 6 was not observed experimentally. Some additional points need to be made in connection with the data in the presence of caffeine. First, the rate constants for UCB below pH 5.5 are only estimates because absorbance changes were very small. Also, data were not collected below pH 5 because a precipitate (probably caffeine and benzoic acid) formed below this pH. Also, above pH 10.5 the uncertainty in the rate constants increased and the reported values are only estimates.
Above pH 12 no reaction was observed because the diazonium salt is converted to an inactive hydroxide (18, 19) .
The pH-dependency curves in the absence of caffeine are similar to those with caffeine, except that for CB the rate constant decreases between pH 4 and 6 as was the case for UCB in the presence of caffeine. These data also suggest there are three different reactive CB species in the pH range included in this study.
Some other points related to these data merit discussion.
In the absence of caffeine, UCB precipitates below pH 7 and no kinetic data are reported for this range. Also, because sodium benzoate precipitates from the 156 mmol/liter solution below pH 5, kinetic studies for CB at lower pH values were performed with lower benzoate concentrations and extrapolated to 156 mmollliter conditions with benzoate dependency data evaluated at higher pH (discussed later). Accordingly, the data below pH 5 for CE are only estimates. This procedure was used to extend the CB studies to pH 2; however, because there is little change between pH 4 and pH 2, the data below pH 4 are not included.
Above pH 10, reliability of rate constants for both UCB and CE was degraded by the base-catalyzed decomposition of azobilirubin (7). This did not create a problem for the studies in the presence of caffeine, because caffeine inhibits the decomposition reaction. Effects of pH on the total change in absorbance are presented ( Figure 6 ) for solutions containing caffeine. The kw values of A for UCB at low pH probably result from the decreased solubility of the species. The wavelength for mximum absorption of the azobilirubin product remained constait at 530 nm over the pH range 4-12 for both UCB and CB. plained on the basis of formation of the non-reactive bilirubin-caffeine species. The benzoate data in Figure 8 tend to support this proposal, because benzoate is added to solubilize caffeine by the formation of an association complex (20) . If benzoate complexes some caffeine, then bilirubin would be released and the rate would be expected to increase. These observations can be formulated into mechanisms for the reaction in the presence and absence of caffeine. Because the situation is simpler when no caffeine is added, this situation is discussed first.
Proposed Mechanism without Caffeine.
Identifying the three reactive biirubin species as H2B, HB, and B and recalling the first-order dependence upon the diazo reagent (D), we propose the following reaction sequence.
k1 k11
H2B+Dz±H2B-D---e-A1+HPC+H (3a)
42 422
4-3
The rate equation can be written in terms of the total concentration of bilirubin, CB, as follows,
where the total bilirubin concentration is given by If this is a valid relationship, then a plot of kO/CD should be linear with slope equal to k3K and intercept equal to h2. Plots for UCB and CB are given in Figure 10 and the slope and intercept data are included in the legend of the figure. The intercepts correspond to k2 = (1.18 ± 0.03) X 10 liter/mo11 s for UCB and k2 = (3.10 ± 0.02) X 10' liter mol s' for CB. The slopes correspond to k3K2 = (1.84 ± 0.01) X 10 s1 for UCB and k3K2 = (1.48 ± 0.01) X i0 s' for CE.
At high pH (pH> 11.5) the rate constant is independent of hydrogen ion concentrations (all of the bilirubin is converted to the B species) and the observed rate constant under these conditions is equivalent to k3. Values of k3 estimated Caffeine. Figure 7 shows dependencies of the observed rate constants for UCB and CB on caffeine. In both cases, the caffeine acts to inhibit the reaction velocity. The data could not be extended above 0.2 mol/liter because caffeine precipitates.
Sodium benzoate.
Effects of benzoate on the rate constants are presented in Figure 8 . Benzoate tends to increase the reaction velocity for both UCB and CB in the presence of caffeine.
Temperature. The reaction velocities for both UCB and CB are independent of nitrous acid and EDTA concentrations.
Discussion
The p-diazobenzenesulfonic acid dependency data in Figure 4 demonstrate a first-order dependency on diazo reagent. The pH dependency data in Figures 5a and 5b suggest that there are three reactive bilirubin species, which will be designated as H2B (low pH), HB (intermediate pH), and B (high pH). The caffeine-dependency data in Figure 7 can be ex- 
0.29
from the data in Figure 5b are k3 = 2.75 X 10 liter mol1 s for UCB and k3 = 1.01 X 10 liter mol The data for the p-diazobenzenesulfonic acid dependency in Figure 4 were obtained at a pH where the pH profiles are flat, suggesting that most of the bilirubin is present as the HB species. Thus, the observed rate constants, when normalized to unit diazo reagent concentration, are representative of k2. In other words, the equation for the straight line plots in Figure 4 is ko=k2CD so that the slopes of the plots are equal to k2 for UCB and CB. Values of k2 obtained from these slopes are k2 = (1.12 ± 0.001) X 10' liter mol s1 for UCB and (3.01 ± 0.01) X i0' liter mol1 s for CB. These values for k2 agree well with those obtained above from the pH data and equation 5a. Average values of k2 from these two data sets and values for k3 and pK2 are included in Table 1 .
Experimental difficulties involving insolubility of UCB and sodium benzoate prevented our collection of reliable kinetic data in regions of the pH profile where k1 and K1 are the limiting parameters (pH <5) so it is not possible to obtain values fork1 and K1 as directly as was done for k2, k3, and K2. Therefore, a nonlinear regression program was used to evaluate constants that would fit equation 4b to the pH profile data in Figure 5b . Values of k2,k3, and K2 obtained by procedures described above were substituted as known quantities into equation 4b and values of k1 and K1 were computed with the regression program. Values obtained were k1 = 2.32 X 10' liter mol' s for CB, K1 = 3.16 X 106 mol/liter for UCB, and K1 = 1.7 X iO mol/liter for CB. Because the data at lower pH values are incomplete for UCB, it was not possible to obtain a reliable value of k1 for UCB from these data. A value reported earlier (6) for slightly different conditions is included in Table 1 along with our values for k2,h3, K1, and K2 for UCB and k1, k2, k3, K1, and K2 for CE. The solid curves in Figure  5b represent values computed by the regression equation and the constants in Table 1 .
With these values for k1, k2, k3, K1, and K2 in hand, attention can now be turned to the data in the presence of caffeine.
Proposed Mechanism with Caffeine.
The caffeine and benzoate dependency data in Figures 7 and 8 suggest an association between caffeine and the bilirubin species. The reaction sequence in equations 6a thru 6c is proposed to account for these observations where H2B-Caf, HB-Caf, and B-Caf are assumed to be inactive forms of bilirubin as far as the diazo coupling reaction is concerned.
It is also assumed that the uncomplexed H2B, HB, and B species would undergo the same reactions represented in equations 3a-3c above with the same values of k1, k2, k3, K1, and K2 as already determined (Table 1) for data collected without caffeine.
To derive a rate equation, we again start with the rate equation expressed in terms of the observed rate constant and (5b) the total bilirubin concentration.
1.=koCB (4a)
However, in the presence of caffeine, the total bilirubin is distributed as follows
Using this equation for CB, the acid-base constant expressions given earlier, and the following expressions for the bilirubin-caffeine equilibria, and can be used with the pH dependency data in Figure 5a and the caffeine dependency data in Figure 7 for UCB and CB, suggesting that the degree of protonation of bilirubin has a greater effect on the degree of association with caffeine than does the fact that it is or is not conjugated.
Conjugation appears only to have a significant effect on the first association constant, K1. The solid dots in Figures 5a and 7 are values calculated by using equation 7 and the constants included in Table 1 . The reaction mechanism is shown pictorially in Figure 11 .
Structures
of the biliru bin species. Bilirubin is frequently depicted as a linear tetrapyrrole with carbonyl groups in the a substituent positions of the two end pyrrole rings (21) . However, recent 13C nuclear magnetic resonance, and infrared data suggest that the UCB molecule exists in the rigid hydrogen-bonded structure shown in Figure 12 (22, 23) . In this structure, each propionic acid side-chain of UCB participates in the formation of two pairs of internal hydrogen bonds with the extreme pyrrole rings of the molecule, which are in the lactam form (24) . The structure of CE is assumed to be similar to the UCE structure, with the modification that glucuronic acid residues are esterified at the propionic acid sites and that these are involved in the hydrogen bonding. When drawn in this way, some of the properties of UCB and CE can be easily explained. The probability that the reactants will form products is greatest when the two pyrrole rings of the reacting portion of the molecule are in the same plane as the benzene ring of the diazo compound. (In azobilirubin the benzene nucleus of the diazo portion is in the same plane as the pyrrole rings.) Consequently the rate of the formation of the bilirubin-diazo complex, and therefore the rate of the reaction, is highly dependent on the steric configuration of the bilirubin molecule (7) . The steric hindrance of the nonreacting portion of the molecule is greatest when the bilirubin molecule exists in a rigid folded configuration.
Therefore, for pH <5
the reaction for UCE is very slow since the molecule exists in a rigid folded configuration and steric hindrance is large. For As pH increases in the range 4-8, the dissociation of the propionic residues and glucuronic residues results in further distortion of the molecules caused by the breakdown of hydrogen bonding and an electrostatic repulsion of the negatively charged propionic or glucuronic groups. This results in a dramatic increase in rate for UCB of four orders of magnitude caused by the molecule going from a rigid to a distorted configuration in this pH range. The increase in rate for CB in this pH range is only a slight one since the molecule is already in a distorted configuration when the glucuronic groups are protonated.
Therefore, the distortion of the bilirubin molecule with increasing pH reduces steric hindrance of the reaction, thereby increasing the reaction rate. As pH increases from 8-12 a second proton is dissociated from UCB and CB, resulting in a large increase in rate for both molecules. This rate increase is similar for both molecules, as seen by examining Figure 5a . This parallel behavior indicates that the same proton in the equivalent pyrrole ring system of each molecule is involved in the dissociation.
This proton is a pyrrole ring N-H dissociation.
The increase in rate for both molecules caused by the dissociation of this proton can be explained by a combination of two effects, namely a further distortion of the molecule due to breaking of the last hydrogen bond in the reactive portions of the molecule, and an electrostatic attraction between the resonance-stabilized negative charge now on the pyrrole ring system and the positively charged diazonium ion.
Other effects of increasing pH are seen in Table 1 , where the values for the 1:1 bilirubin-caffeine association constants decrease as the bilirubin species change from H2B to HE to B. There appear to be several effects operating here. The values for K2 and K3 are approximately equal for UCE and CB, indicating that conjugation is no longer important for the HE and B species ability to bind caffeine. The K1 values are quite different, though, with the caffeine-CE value approximately three times larger than the caffeine-UCB value. Here, the conjugation is an important factor, and the additional proton on the glucuronic acid moiety in H2B greatly affects the ability of the molecule to bind caffeine.
The overall effect of the decreasing caffeine-bilirubin association constants with pH can be explained by two effects.
As the molecules go from H2E to HB to B, the hydrogenbonded structure breaks down and the molecules go from a rigid structure in UCB, or a semirigid structure in CB, to a more distorted structure. If the strength of the complex depends on the bilirubin molecule being rigid and exhibiting a high degree of planarity (20) , then we would expect the association constants to decrease as the structure becomes more distorted. The second effect parallels the first and can be explained by hydrogen bonding. If the caffeine-bilirubin complex depends upon hydrogen bonds between caffeine and hipreparation on rate constanta determined for the CB reaclirubin for its stability, then the association constants would tions. Because CB is the rate-limiting species in the pseudobe expected to decrease as either the protons involved in this first-order reactions, it is not necessary to know its exact bonding are dissociated, or, as already mentioned, the disconcentration to obtain reliable rate constants. Also, because tortion of the molecule changes the structure so hydrogen all plots of ln (A, -A 30, 31) , but the method used in this work (7) appears to group that can hydrogen bond. Therefore, the proton on the have been satisfactory.
CB specie H2B appears instrumental in permitting this hyOne alternative approach to preparing p-diazobenzesuldrogen bonding to take place. fonic acid free of sulfanilic acid is to prepare the fluoroborate As a result of the decreasing caffeine-bilirubin association salt (32, 33) . While this method would have the advantage constants with increasing pH, more free bilirubin is present that the salt could be weighed directly, we judged that the and the rate increases, procedure used here, in which sulfanilic acid is reacted with Nature of the reactive species. Until now, the nature of the an excess of nitrous acid, offered the best chance of yielding reacting bilirubin species has been described only as H2B, HB, a product completely free of sulfanilic acid. and B. In this section the probable identity of these species Data obtained in this work have been used to develop a fast will be discussed, with use of Figure 12 , which represents the kinetic method for the simultaneous determination of unstructure for UCB. The corresponding structure for CE is conjugated and conjugated biirubin, and results are reported formed by esterifying the propionic residues with glucuronic in the following paper. acid ( Figure 11 of the second a proton. and In assigning the N-H dissociation, we assumed that the b proton dissociated instead of the c proton. This is the most probable dissociation, because the dipyrrylmethene units in is developed by applying these same procedures to equations 6a-6c in combination with equations 3a-3c.
